Density-dependent relations among saturation properties of symmetric nuclear matter and hyperonic matter, properties of hadron-(strange) quark hybrid stars are discussed by applying the conserving nonlinear σ-ω-ρ hadronic mean-field theory. Nonlinear interactions that will be renormalized as effective coupling constants, effective masses and sources of meson equations of motion are constructed self-consistently by maintaining thermodynamic consistency to the meanfield approximation. The coupling constants expected from the hadronic mean-field model and SU (6) quark model for the vector coupling constants are compared; the coupling constants exhibit different density-dependent results for effective masses and binding energies of hyperons, properties of hadron and hadron-quark stars. The nonlinear σ-ω-ρ hadronic mean-field approximation with or without vacuum fluctuation corrections and strange quark matter defined by MIT-bag model are employed to examine properties of hadron-(strange) quark hybrid stars. The hadron-(strange) quark hybrid stars become more stable at high densities compared to pure hadronic and pure strange quark stars.
Introduction
The symmetric nuclear matter is a self-bound matter whose binding energy exhibits a characteristic concave November 2015 | Volume 2 | e2012 curve at saturation density, where pressure of nuclear matter vanishes ( ) 0 p = . It has been known as a constraint to examine self-consistency to nuclear many-body approximations [1] - [3] . The self-consistency has been fundamental for many-body approximations in terms of Landau's Fermi-liquid theory [4] - [6] , Kadanoff-Baym's theory of conserving approximations [7] - [9] and the density functional theory [10] - [12] . The relativistic, fieldtheoretical, linear σ-ω mean-field approximations that maintain conditions of conserving approximations have been applied to finite nuclei, nuclear matter and neutron stars [13] [14] . These nuclear mean-field approximations reveal an important relation among self-consistent single particle energy, energy density and particle density, which is denoted as thermodynamic consistency [15] [16] . The conserving nonlinear σ-ω-ρ mean-field approximation which maintains thermodynamic consistency has been applied to investigate density-dependent correlations among properties of nuclear, neutron and hyperonic matter [17] - [19] . Thermodynamic consistency is important to derive consistent results for high energy and high density phenomena, such as heavy-ion collision, hypernuclei-formation experiments [20] and astrophysical phenomena [21] - [24] .
The nonlinear σ-ω-ρ mean-field approximation has several nonlinear coefficients whose values are determined by reproducing binding energy, symmetry energy and simultaneously searching the minimum value of incompressibility at saturation density, as well as reproducing a maximum mass of neutron stars at high density. The binding energy at saturation is taken as −15.75 MeV at 1 with the symmetry energy, 4 30.0 MeV a = in the current calculation [13] . The values of nonlinear coefficients which will produce effective masses of hadrons ~0.70 The hadronic liquid-gas phase transition at the surface of neutron stars and determination of the radius of smeared, gas-phase surface are not directly relevant to properties of hadronic matter and maximum masses of neutron stars. Hence, significant contributions to properties of neutron stars (mass, radius, moment of inertia…) come from hadronic EOS. The gas-phase equation of state which may exist on the surface of neutron stars produces negligible corrections and it is not relevant in the current hadronic analysis.
fm
The nonlinear interactions exhibit significant density-dependent effects on incompressibility, K, and symmetry energy, 4 a , in high densities; these Fermi liquid properties monotonically increase about saturation density, but they are piecewise continuously softened at an hyperon onset density. These phenomena of piecewise continuous change of Fermi-liquid properties will be important for the analysis of Landau parameters, heavyion collision, high energy and high density experiments. At a hyperon onset density from ( ) a . This is numerically checked as discrete changes of physical quantities, such as effective masses of hadrons, incompressibility, symmetry energy and energy density [18] [19] .
Since the hyperon-onset confines Fermi-energies of baryons as explained above, single and double hyperon generations exhibit different density-dependent phenomena. For example, the Λ -hyperon onset density such
The same phenomena are observed with other hyperons, and generally the onset-density of a hyperon is pushed up to a higher density, which is denoted as the push-up phenomena of hyperon onset-densities in many-fold hyperon generations [18] . Because of the push-up phenomena of the hyperon onset density, we have found that hyperon generations are confined at high densities and hyperons relevant to calculations of neutron stars are − Σ and Λ . This is because hyperon generations make EOS softer and softer such that it is not possible to support observed maximum masses of neutron stars (shown in Section 4).
The similar results are discussed in nonrelativistic Brueckner-Hartree-Fock [27] [28] and quark matter calculations [29] . The hyperon onset densities are related to hyperon single particle energies by way of phase equilibrium conditions. Hence, the Hugenholtz-Van Hove theorem and thermodynamic consistency at saturation of hyperon binding energy are essential to define self-consistent approximation of hyperonic matter. The single particle energies of nucleons and hyperons are important to study K and 4 a for magic nuclei [30] and hypernuclei [31] [32] .
Density-dependent effective masses and effective coupling constants, saturation properties for nucleons and hyperons are discussed in the nonlinear σ-ω-ρ mean-field approximation [18] [19] . The results shown that: 1)
coupling constants of hyperons are related to those of nucleons by effective masses, effective coupling constants, binding energy at onset-density of respective hyperons. Hence, binding energies of symmetric nuclear matter and hyperon matter are self-consistently related to each other. 2) Self-consistency and density-dependent interactions may restrict hyperon generations at low densities, resulting in the push-up phenomena of hyperon onset densities. The suppression of hyperon generations is also discussed in different calculations [27] - [29] . 3) Coupling ratios of hyperons are expected to be , 1
ω  , in order to be consistent with conditions of thermodynamic consistency, empirical values of nuclear matter and neutron stars. In the current calculations, we have included vacuum fluctuation corrections (VFC) into the nonlinear σ-ω-ρ approximation and examined properties of ( )
n p e , ( )
, , , , n p H H e hyperonic matter, constrained by transitions to strange quark matter and properties of hadron-quark hybrid stars. The hadron-quark phase transitions are assumed to be a first order and computed by Maxwell construction [33] .
The conserving nonlinear σ-ω-ρ mean-field approximation [17] - [19] and quark-based effective nuclear models [34] [35] have been applied to finite nuclei, nuclear and isospin asymmetric, high-density matter. We have compared hyperon coupling constants required by the nonlinear σ-ω-ρ mean-field model with those required by SU(6) quark model for the vector coupling constants [36] [37] . The hyperon coupling constants required by hadronic and SU(6) quark models exhibit quite different results for effective masses, binding energies of hyperons [18] [19] and properties of hadron-quark hybrid stars. The coupling ratios required by SU(6) quark model cannot reproduce hyperon saturation properties, which will be discussed in terms of conditions of thermodynamic consistency in the Section 4. The analysis of discrepancies of predictions by hadronic and quark-based models may provide us with insight for constructing self-consistent nuclear many-body approximations [14] - [19] . ) and decrease analogous to effective masses of nucleons at high densities, which show strong density-dependent interactions. However, the effective masses of hyperons exhibit weak density-dependent results with 2 3 HN r ω ≤ required by SU(6) quark model for the vector coupling constants. In general, hadrons exhibit strong densitydependent interactions and correlations among properties of nuclear matter, hyperonic matter and neutron stars. In the hadronic mean-field approximation, in different effective masses and binding energies of hyperons; the discrepancies originate from density-dependent interactions of hadrons [19] .
The density-dependent many-body effects produced by the conserving nonlinear σ-ω-ρ mean-field approximation should be compared to chiral hadronic mean-filed approximations [38] - [41] . The effective quark-based chiral Lagrangian approach suggests that the appropriate in-medium scaling law, The discrepancy has been discussed in terms of thermodynamic consistency in the hadronic mean-field approximations [17] - [19] and should be investigated in other hadronic models to extract consistent model-independent results.
We have applied the nonlinear σ-ω-ρ mean-field approximation and MIT-bag model upon hadron-quark hybrid stars [23] [45] . The numerical analysis exhibits new results that the hadron-(strange) quark hybrid stars are more stable in high density than pure-hadronic and pure-strange quark stars. It suggests a relation between bag constant and QCD strong coupling constant, (B, c α ) [46] [47], to the central density and maximum mass of hadron-(strange) quark hybrid stars, ( c E , max M ). The results obtained in the current calculations should be examined from astronomical data whether or not hadron-quark stars are possible and the values of bag constant and strong coupling constant, (B, c α ), could be consistent with astronomical data for neutron stars.
Self-consistent relations among saturation properties of nucleons and hyperons are briefly reviewed in Section 2. Quantitative numerical calculations for effective masses, onset densities and conditions of hyperon saturation are discussed in the articles [18] [19] . The MIT-bag quark matter and vacuum fluctuation correction to nonlinear mean-field approximation are explained in Section 3. Results of pure hadron and hadron-strange quark hybrid stars are discussed in Section 4; concluding remarks are in Section 5.
Self-Consistent Effective Masses and Coupling Constants in the Nonlinear σ-ω-ρ Mean-Field Approximation
The hadronic Lagrangian with nonlinear σ-ω-ρ interactions which yields density-dependent effective masses and coupling constants is given by [17] , ( ) 
The coupled nonlinear quantum-field Lagrangian (2.1) is interpreted as baryon quantum-field Lagrangian in mean fields of mesons [13] . All dynamics generated by baryon fields are mediated by mean-fields of mesons which will be self-consistently defined in an approximation. The effective coupling constants, iB g * ( )
, ,
denote renormalized, density-dependent coupling constants defined by self-consistent mean-field of σ-meson.
The nonlinear σ-ω-ρ mean-field model maintains the structure of Serot and Walecka's linear σ-ω mean-field approximation [13] , Lorentz-invariance and renormalizability, the Hugenholtz-Van Hove theorem [2] , conditions of conserving approximations [7] - [12] , the virial theorem [15] [16] and Landau's hypothesis of quasiparticles [4] - [6] . As we proved in the ref. [17] , nonlinear mean-field approximations are equivalent to Hartree approximation when nonlinear interactions are properly renormalized, and consequently, the concepts of effective masses and effective coupling constants are naturally generated by nonlinear mean-field interactions. Self-consistent relations among single particle energy, effective masses and coupling constants will restrict empirical values of low-density nuclear matter and high-density hadronic matter. The admissible values of effective coupling constants and masses are confined in certain values due to strong density-dependent correlations among physical quantities of nuclear matter and neutron stars [17] - [19] . Meson-fields operators are replaced by mean-fields denoted by 0 φ , 0 V , and 0 R . The equations of motion for baryons are given by, are effective coupling constants for σ , ω and ρ mesons. One should notice that effective coupling constants cannot be simply introduced as external inputs to an employed approximation, since density-dependent coupling constants modify equations of motion for mesons. We self-consistently determine nucleon-meson coupling constants as density-dependent since we are interested in the density-dependent correlations among properties of symmetric nuclear matter. Nonlinear interactions are not assumed in the coupling constants for hyperons; effective masses of hyperons are defined by 3)
The equations of motion for mesons are given by, 
The total scalar source is obtained as, Thermodynamically consistent effective masses of mesons compatible with effective coupling constants (2.
Since effective masses of mesons and coupling constants depend on mean fields of mesons, they are densitydependent through meson fields. Note that the effective mass of σ-meson depends on the ( ) , n p scalar source of nucleons, sN ρ . The modifications to equations of motion, propagators and self-energies produced by density-dependent effective coupling constants and masses are important for self-consistency.
The energy density, pressure of isospin-symmetric, asymmetric and charge-neutral hadronic matter are calculated by way of energy-momentum tensor, resulting in: 
, are exactly satisfied with a given baryon density, 
The Nonlinear σ-ω-ρ Mean-Field Approximation with Vacuum Fluctuation Correction (VFC)
We have included vacuum fluctuation correction (VFC) into the nonlinear σ-ω-ρ mean-field approximation and applied the EOS with or without VFC to hadronic stars and hadron-quark hybrid stars. The EOSs for hadrons with VFC and quark matter generated by MIT-bag model are briefly discussed; based on the formalism, the pure hadronic and quark stars, stability of hadron-quark stars, are discussed in Section 4. The vacuum fluctuation corrections are explicitly performed with counter terms required by power-counting and the method of dimensional regularization [13] .
The self-energies with VFC in the conserving nonlinear σ-ω-ρ approximation are given with (2.7) by, Σ obtain no VFC in the mean-field approximation, which will be proven directly by dimensional regularization method. Note that it is also essential for an approximation with VFC to maintain conditions of conserving approximations in order to obtain (3.1).
The differences of VFC (3.1) given by the linear ( ) 
Then, the total energy density is given with Equation (2.12) as,
The self-energies and pressure are also evaluated by dimensional regularization and thermodynamic consistency can be proved including VFC. As discussed in Section 2, all coupling constants have to be evaluated by maintaining properties at nuclear matter saturation, searching the minimum value of incompressibility. Incompressibility is ~350 MeV K and max 2.33 M M =  for (n, p, e) + VFC matter. The vacuum fluctuation corrections to nonlinear σ-ω-ρ mean-field approximation are not significant at low and high densities compared with those of nonlinear σ-ω-ρ self-and mixing-interactions.
Hadronic degrees of freedom give the most convenient description of EOS around nuclear matter saturation density, and at high densities where asymptotic freedom sets in, a quark description would be more natural.
Hence, the hadronic equations of state ( ) , , B p ρ  obtained at the Section 2 and those of quark matter are combined as a two-phase model by assuming the first order phase transition from hadrons to quarks [17] [45].
The energy density and pressure for quark matter given by MIT-bag model are obtained [45] - [47] :
where 
where f spin color γ = × degeneracy. s α is the strong interaction coupling constant, and σ is the renormalization scale constant which is considered as a chemical potential of the problem and chosen as ~300 MeV [23] .
However, the EOS of hadron-quark compact stars is not sensitive to the parameter σ , which is numerically checked and theoretically expected from (3.9) in high density region. It is suggested that EOS of quark matter interconnected with hadronic matter be mainly sensitive to parameters, ( ) The energy density and pressure are now expressed as,
and f n are chemical potential and particle distribution for the flavor f. The equations of state for hadronic and quark matter, phase transition conditions and TOV equation [21] are employed to calculate pure-hadron, pure-quark and hadron-quark compact stars.
The Properties of Hadronic and Hadron-Quark Hybrid Stars
We have applied the conserving nonlinear σ-ω-ρ mean-field approximation to examine properties of hadronic neutron stars and hadron-quark hybrid stars. The properties of pure hadronic stars are produced by employing hadronic equations of state, phase transition conditions, coupling ratios and TOV equation. (Figure 1(a) ). However, the EOS with The stable hadronic neutron stars with VFC and pure quark stars are shown in Figure 4 , in order to remark energy-density regions of stable stars, respectively. The results of hadronic and quark stars in Figure 4 suggest that hadron-quark hybrid stars be possible about the central energy density, 15 3 10 g cm c 
, since the EOS of quark matter could be energetically preferable in the high densities compared with that of hadrons. However, the overlap of central energy density between stable hadronic stars ( ) ). The property of ( )
, c B α in the analysis of hadron-quark infinite matter agrees with the results of bag-model fits to light-hadron spectra and renormalization group analyses in the paper by Farhi and Jaffe [47] .
MeV fm B
, one will obtain a saturation curve (an inflection point for stability) within 15 16 3 10~10 g cm as in Figure 4 , which suggests that the produced quark-core tends to become unstable. , the generation of quark-phase will move up to a very high density, further separating phase-transition energy densities of hadron and quark phases. In this case, stable hadron-quark stars produce masses much smaller than observed masses of neutron stars. Although more precise and detailed analyses are needed for many-body interactions of 
